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The ability of isolated rat liver endothelial and Kupffer cells to activate benzo(a)pyrene (BP), trans-
7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene (DDBP), trans-1,2-dihydroxy-1,2-dihydrochrysene (DDCH), and
aflatoxin B, (AFB%) to mutagenic metabolites was assessed by means of a cell-mediated bacterial muta-
genicity assay andcomparedwiththeabilityofparenchymalcellstoactivatethesecompounds. Endothelial
and Kupffer cells from untreated rats were able to activate AFB, and DDBP; DDBP was activated even
in the absence of an NADPH-generating system. Pretreating the animals with Aroclor 1254 strongly
enhancedthe mutagenicity ofthedihydrodiol, whereas the mutagenicity ofAFB, showedaslight increase.
BP and DDCH were only activated by endothelial and Kupffer cells isolated from Aroclor 1254-pretreated
rats. Parenchymal cells from untreated animals activated all four carcinogens tested; Aroclor 1254 en-
hanced the parenchymal cell-mediated mutagenicity of BP and DDCH but did not affect that of DDBP
and clearly reduced that ofAFB,. The reduced mutagenicity ofAFB, correlates with the decrease in the
amount of 2a-hydroxytestosterone formed when testosterone was incubated with parenchymal cell mi-
crosomes from Aroclor 1254-pretreated rats (compared with microsomes from untreated animals): the
formation of2a-hydroxytestosterone isspecificallycatalyzedbycytochromeP-450h, ahemoproteinthought
to be involved in the activation ofAFB,. These results show that not only rat liver parenchymal cells, but
also endothelial and Kupffer cells, activate several carcinogens to mutagenic metabolites.
Introduction
In the mammalian liver, parenchymal cells account
for more than 90% of the mass and 65% of the total
number of cells. The nonparenchymal cells of the liver
are primarily endothelial and Kupffer cells, which oc-
cupy the sinusoidal lining of the intact liver. All three
of these cell types are heterogeneous in the way they
respond to insult from xenobiotics. The basis of the
heterogeneous responses to hepatotoxins is poorly
understood, but several factors, including the distri-
bution ofthe xenobiotics within the liver, differences in
the DNArepairmechanisms amongthecellpopulations,
and differences in the ability to activate and detoxify
these compounds, might be involved. It is the cell's
ability to activate and detoxify hepatotoxins that we
wish to address in the present study.
Recent studies have shown that in the sinusoidal lin-
ing cells oxidative enzyme activities (aminopyrine N-
demethylase and ethoxyresorufin O-deethylase) are
low, while postoxidative enzyme activities (glutathione
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S-transferase and epoxidehydrolase) arerelativelyhigh
(1,2). The aim ofthis study was to analyze the capacity
of sinusoidal lining cells, with their low cytochrome P-
450-dependent enzyme activities, to activate several
carcinogenic compounds to mutagenic metabolites and
compare this capacity with that of parenchymal cells.
The activating potential of the isolated liver cell sub-
populations was estimated by means of a cell-mediated
mutagenicity assay (3). To characterize the cytochrome
P-450 profile of rat liver parenchymal cells, as well as
nonparenchymalcells, fromuntreated andAroclor 1254-
pretreated rats, the oxidative metabolism oftestoster-
one with microsomes from parenchymal, endothelial,
and Kupffer cells was investigated. It has been shown
recently that various forms of rat liver microsomal cy-
tochrome P-450 catalyze the hydroxylation of testos-
terone with ahigh degree ofregio- and stereoselectivity
(4,5).
Materials and Methods
Male Sprague-Dawley rats (200-240 g body weight)
were used. Aroclor 1254 in corn oil was administered
as a single IP dose (500 mg/kg body weight) 5 days
before killing. Control rats received appropriate vol-
umes of corn oil (2.5 mL/kg body weight).STEINBERG ETAL.
Parenchymal, endothelial, and Kupffercells were iso-
latedandcharacterizedaccordingtomethodspreviously
described in the literature (1). For each mutagenicity
assay, pools of Kupffer cells and of endothelial cells
isolated from three untreated or Aroclor 1254-pre-
treated rats were prepared. All the experiments were
performed in cell homogenates obtained by sonicating
the cells for 30 sec at 60% duty cycle on a Branson cell
disruptor (model B-15).
Reversion of Salmonella typhimurium his-, a sys-
tem developed by Ames et al. (6), was used for the
estimation ofmutagenicity. Theincubationmixturecon-
sisted of 1 mL complete Krebs-Henseleit buffer con-
taining previouslAT sonicated cells (1 x 106 parenchymal
cells or 10 x 10 nonparenchymal cells), bacteria (1.7
x 10' cells), and the test compounds dissolved in 10 ,uL
dimethyl formamide. Incubations were supplemented
with 2.5 mM NADP+ and 2.0 mM glucose-6-phosphate.
Samples were incubated in ashakingwaterbath at37°C
in the dark for 2 hr. Two milliliters of 45°C warm top
agar, which contained 0.55% w/v agar, 0.55% w/v NaCl,
50 ,uM histidine, and 50 ,uM biotin in 25 mM sodium
phosphate buffer (pH 7.4), was then added, and the
mixture was poured onto a Petri dish containing 22 mL
ofminimal agar (1.5% agar in Vogel-Bonner E medium
with 2% glucose). After incubation at 37°C in the dark
for 3 days, colonies ofhis' revertants were counted.
Testosterone hydroxylation assays were performed
by incubating microsomes (1 mg protein) from paren-
chymal, endothelial, and Kupffer cells for 30 min with
1 mM testosterone in the presence of0.6 mM NADP+,
8 mM glucose-6-phosphate, 1.4 units ofglucose-6-phos-
phate dehydrogenase, and 5 mM MgCl2. Testosterone
metabolites were extracted with dichloromethane and
quantified by HPLC as previously described (7). En-
dothelial and Kupffer cells from three animals were
pooled for the preparation of microsomes.
Results
Characterization of Isolated Cell
Populations
The total yield ofisolated parenchymal cells after col-
lagenase digestion ofthe liverwas 372 + 45 x 106cells/
rat liver (n = 4), which included 3 ± 1% endothelial
cells, 4 + 1% Kupffer cells, and 3 ± 2% fat-storing
cells. The endothelial cell fractions (37 ± 5 x 106 cells/
rat liver, n = 24) were contaminated with 9 ± 2%
lymphocytes and 4 ± 2% Kupffer cells. The Kupffer
cell preparations (51 ± 7 x 106 cells/rat liver, n = 24)
were found to contain 10 ± 3% endothelial cells, 2 +
2% fat-storing cells, and 0.2 + 0.1% parenchymal cells.
Pretreatment of the animals with Aroclor 1254 (a
polychlorinated biphenyl mixture that exhibits both
phenobarbitaland3-methylcholanthrene-inducing prop-
erties) did not affect the yield, viability, and purity of
the isolated parenchymal, endothelial, and Kupffer cell
fractions, but it significantly increased the protein con-
centrations of parenchymal and nonparenchymal cells
by about 80 and 30%, respectively.
Mutagenicity Studies
The cell-mediated mutagenicity assays were per-
formed withroughly equal protein concentrations ofpa-
renchymal and nonparenchymal cells, i.e., 1 x 106 pa-
renchymalcellsand 10 x 10 nonparenchymalcells;only
in the case of trans-7,8-dihydroxy-7,8-dihydro-
benzo(a)pyrene (DDBP), 0.5 x 106 parenchymal cells
and 5 x 106 nonparenchymal cells were used. None of
the compounds investigated was mutagenic in the ab-
sence of cell homogenates.
Parenchymal cells isolated from untreated animals
showed a limited capacity to activate benzo(a)py-rene
(BP) (Fig. 1A), whereas endothelial and Kupffer cells
were unable to activate this compound (Fig. 1B); this
wasstillthecaseifthecellnumberand/ortheincubation
time were doubled (data not shown). After administra-
tion of Aroclor 1254, a clear mutagenic effect of BP,
mediated by parenchymal as well as nonparenchymal
cells, was observed (Figs. 1A and B).
DDBP was activated by parenchymal, endothelial,
and Kupffer cellsisolated fromuntreated rats (Figs. 1C
and D). Interestingly, this also occurred in all three cell
typesintheabsence ofthe NADPH-generating system.
Pretreatment of the animals with Aroclor 1254 en-
hanced the nonparenchymal cell-mediated mutagenicity
ofthe dihydrodiol, while it did not alter the mutagenic
effect mediated by the parenchymal cells (Figs. 1C and
D).
Parenchymal cells, but neither endothelial nor Kupf-
fer cells, from untreated rats were able to activate
trans-1,2-dihydroxy-1,2-dihydrochrysene (DDCH) to a
mutagenic metabolite (Figs. 1E and F). After admin-
istration ofAroclor 1254, all three cell types were very
effective in activating DDCH (Figs. 1E and F).
Aflatoxin B1 (AFB1) was strongly mutagenic after
incubation with parenchymal and nonparenchymal cells
isolated from untreated animals (Figs. 1G and H). Pre-
treatment of the rats with Aroclor 1254 slightly en-
hanced the mutagenicity ofthe mycotoxin mediated by
endothelial and Kupffer cells, whereas it significantly
decreased the activating potential of the parenchymal
cells (Figs. 1G and H).
Testosterone Metabolism
Theoxidationproductsidentified afterincubatingtes-
tosterone with parenchymal cell microsomes from un-
treated rats were 6a-, 7a-, 61-, 16a-, 161-, 2a-, and 21-
hydroxytestosterone and androstenedione (Fig. 2). The
hydroxylation oftestosterone occurred atasignificantly
lower rate in microsomes of endothelial and Kupffer
cells; furthermore, neither 161- nor 21-hydroxytestos-
terone could be detected with these microsomes. If in-
cubations were performed with microsomes of paren-
chymal and nonparenchymal cells from Aroclor 1254-
pretreated rats, the formation rate ofall the testoster-
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FIGURE 1. Parenchymal and nonparenchymal cell-mediated mutagenicity of three polycyclic aromatic hydrocarbons and aflatoxin B1. Ho-
mogenates ofparenchymal (PC), endothelial (EC), and Kupifer cells (KC) isolated from untreated (CON) or Aroclor 1254-pretreated (ARO)
rats were incubated with S. typhimurijum TA 100 or TA 98 (in the case of aflatoxin B1) and the indicated amount ofbenzo(a)pyrene (A,B);
trans-7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene (C,D); trans-1,2-dihydroxy-1,2-dihydrochrysene (E,F), or aflatoxin B, (G,H). The assays
with cells from untreated animals were carried out in the presence or absence (-cof) of a NADPH-generating system, whereas all those
with cells from induced animals were carried out in the presence ofNADP+ and glucose-6-phosphate. Values are means oftwo experiments,
each of them comprising duplicate incubations. For each experiment, nonparenchymal cells from three rats were pooled. (Continued on
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one metabolites increased, with one exception: paren-
chymalcell microsomesformed2a-hydroxytestosterone
atabout one-third ofthe rate observed incontrols, while
the formation rate ofthis metabolite innonparenchymal
cells remained unchanged.
Discussion
Bay-region diol epoxides are now well established as
principal ultimate carcinogenic metabolites of the poly-
cyclic aromatic hydrocarbon class ofcarcinogens. Three
metabolic steps are involved in the conversion of a po-
lycyclic aromatic hydrocarbon into its bay-region diol
epoxides: formationofan areneoxide, whichiscatalyzed
by cytochrome P-450; hydrolysis of the arene oxide to
the trans-dihydrodiol, a step that requires epoxide hy-
drolase; a second oxygenation by cytochrome P-450 to
yield the diol epoxide. In parenchymal, endothelial, and
Kupffer cells, no significant activation of BP was ob-
served, a fact that can be attributed to the very low
levels of cytochrome P-450 forms catalyzing the meta-
bolic steps in these cells (8). After administration of
Aroclor 1254, BP was activated by all three cell types,
this effect being accompanied by a strong increase in
the cytochrome P-450 content ofparenchymal and non-
parenchymal cells (8).
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FIGURE 2. Testosterone hydroxylation by microsomes ofparenchymal and nonparenchymal cells. Microsomes ofparenchymal (P), endothelial
(E), and Kupffer cells (K) isolated from untreated (open bars) or Aroclor 1254-pretreated rats (solid bars) were incubated for 30 min with
1 mM testosterone; the metabolites were extracted with dichloromethane and quantified by HPLC. The products identified were 6a-, 7a-,
613-, 16a-, 161-, 2a-, and 2,B-hydroxytestosterone as well as androstenedione. The bars represent the means of two experiments; for each
experiment, endothelial and Kupffer cells from three animals were pooled.
The striking ability ofparenchymal, endothelial, and
Kupffer cells from untreated rats to activate DDBP so
effectively (compared to BP) may be due to the factthat
the dihydrodiol is the immediate precursor ofthe highly
mutagenic diol epoxide, the amount of cytochrome P-
450present inuntreated cellsbeingsufficienttoactivate
this compound with a high degree of efficiency. Alter-
natively, the conversion of the dihydrodiol to the diol
epoxide canbecatalyzed byprostaglandin endoperoxide
synthetase during the oxidation of arachidonic acid by
prostaglandins (9,10). Present studies are aimed at elu-
cidatingthe possible role ofprostaglandin endoperoxide
synthetase in the activation of dihydrodiols derived
from polycyclic aromatic hydrocarbons by isolated rat
liver cells.
DDCH was activated by parenchymal cells from un-
treated and Aroclor 1254-pretreated rats, while only
endothelial and Kupffer cells frominduced animals were
able to activate the dihydrodiol. DDCH is a rather poor
substrate forthecytochrome P-450 monooxygenase sys-
tem: it is metabolized by liver microsomes from 3-meth-
ylcholanthrene-pretreated rats at about 8% of the rate
at which DDBP is metabolized (11). Thus, the obser-
vation thatendothelial and Kupffercells fromuntreated
animals were unable to activate DDCH might again be
ascribed to the very low amount of cytochrome P-450
in these cells.
AFB1 was activated by parenchymal and nonparen-
chymal cells isolated from untreated rats; this finding
suggests that a constitutive form(s) of cytochrome P-
450 is involved in the activation of the mycotoxin. In
accordance with this proposal, it has recently been
shown that four cytochrome P-450 isoenzymes purified
from untreated animals were able to activate AFB1 in
a reconstituted monooxygenase system (12); among
them was cytochrome P-450h, a male-specific form of
cytochrome P-450. Pretreatment of the rats with Aro-
clor 1254 significantly decreased the parenchymal cell-
mediatedmutagenicityofAFB1, whereasthemutagenic
potential ofthe hepatotoxin in the presence ofinduced
endothelial and Kupffer cells was slightly enhanced
when compared to control cells. Furthermore, the for-
mation rate of 2a-hydroxytestosterone, which reflects
the levels ofcytochrome P-450h, was strongly reduced
in parenchymal cells ofinduced rats, while it remained
unchanged in nonparenchymal cells. Thus, cytochrome
P-450h seems to be involved in the activation ofAFB1.
However, asmentionedearlier, otherconstitutive cy-
tochrome P-450 forms might also mediate the activation
of the mycotoxin. Hepatic S-9 preparations from new-
born male rats were able to do so (data not shown),
although cytochrome P-450h was not detected in these
livers. On the other hand, the strong reduction in the
parenchymal cell-mediated mutagenicity ofAFB1 after
administration ofAroclor 1254 might be due (at least in
part) to the induction ofAFB1-4-hydroxylase (13). This
enzyme catalyzes the conversion of AFB1 to aflatoxin
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M1, the lattercompound beingwith and without further
metabolism less than 5% as active as AFB1.
In the present study liver cells were homogenized
and a NADPH-generating system was added to the in-
cubation medium. The homogenization leads to the di-
lution of several cofactors (e.g., glutathione), whereas
the addition of NADP+ and glucose-6-phosphate forti-
fies the cytochrome P-450-dependent monooxygenase
system. Taking into account that the major detoxifica-
tion route of AFB1-8,9-epoxide is its conjugation with
glutathione, catalyzed by glutathione S-transferase
(14), the result ofmutagenicity assays might be differ-
ent if whole cells are used. Present experiments are
aimed at clarifying this issue.
In conclusion, this study shows that rat liver paren-
chymal as well as endothelial and Kupffer cells are able
to activate several carcinogens to mutagenic metabo-
lites. Interestingly, DDBP is activated by all three cell
types even in the absence of an NADPH-generating
system, while constitutive cytochrome P-450 forms
seem to be involved in the activation of AFB1.
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